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ABSTRACT 
 
 
An experimental and theoretical study was performed to evaluate the characteristics 
of an asymmetrically situated line plume in a filling box falling through a quiescent 
uniform environment. The plume spanned the width of the rectangular box, and salt water 
was used for the buoyant fluid. The experiments were conducted in two different sized 
tanks, and the total of forty-two experiments was run in three sets: the plume was centered 
in the tank, placed at the edge of the side wall, and located at several intermediate positions 
between the end of the wall and mid-point of the tank. The time-averaged front movement 
of the experiments (obtained from the light attenuation technique) was compared with the 
theoretical results. The solution for the position of the time-averaged front was first 
expressed as a function of the height of the box and filling time from an ideal line plume 
model based on the theory of Morton et al., 1956. The analysis showed that when the plume 
was centered and against the wall, the stratification results upheld a fair relationship with 
the standard filling box model. However, asymmetrically located plumes didn’t validate 
the model using the standard value of 𝐶 = 0.47. The observations showed that this 
disagreement might be caused due to the higher entrainment of the ambient fluid in the 
plume and the bending of the plume towards the closest wall. The bending time of the 
plume was found to be proportional to the filling time and that was controlled by the plume 
outflow velocity. The study showed that the average outflow velocity is 0.93𝑓
1
3 for 𝐶 =
0.47 which is compatible with the predicted time-averaged model for the outflow with the 
same value of 𝐶. An empirical equation for the bending time was developed and described 
iii 
 
in terms of ≈ 𝜆𝐿/𝑓
1
3. Comparison between the theoretical model and experiments shows 
that the entrainment in the asymmetric line plumes is higher relative to the symmetric line 
plume. 
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CHAPTER ONE 
 
INTRODUCTION 
 
 
1.1 Background  
Momentum-driven or buoyancy-driven turbulent fluid flows which entrain ambient 
fluids are ubiquitous in the environment. Volcanoes, smoke leaving from a chimney, smoke 
growing from a wildfire, building fire smoke and discharge of polluted water in the ocean 
are some examples. There are two such flows available: jets and plumes. If the dominating 
force of the flow is momentum, it is called a jet. Conversely, a plume is a category of 
turbulent flow which is driven by a steady release of buoyant fluid. Though jets and plumes 
are generated by two different governing forces, their physical appearances are similar. 
However, while mixing of the jet depends on the momentum of the shear layer, buoyancy 
generates a momentum which causes mixing in the plume [1]. In the buoyancy-driven flow, 
lower density fluid is continuously released into a higher density environment (vice versa) 
which produces vertical flow in the gravitational field. This buoyancy driven flow is of 
everyday significance in evaluating the temperature circulation in a confined region at 
steady state, the time required to achieve a steady state, and other parameters [5]. Other 
critical considerations are whether the pattern of the flow is stratified or not, whether the 
outflow/stratification layer is symmetrical or not which rely upon the geometrical 
arrangements of the ambient environment, plume source, and the source buoyancy flux. 
When a buoyant fluid rises up out of a horizontal line source, it is defined as a line 
plume [12]. Its two-dimensional rising is driven by the gravitational force related to its 
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density deficiency and is influenced by the mixing that happens with the ambient fluid [10]. 
Morton, Taylor & Turner, 1956 (MTT) [7] developed a model to portray a steady-state 
plume discharged from a point source either into an infinite uniform or stratified ambient 
[10]. Even though the model is generated for the plume releasing from a point source, it is 
promptly adjusted for a line source plume [6].  
Baines and Turner [3] were the first authors who hypothetically analyzed the time-
averaged stratification resulting from a point or line source plume situated on the floor in 
a confined region, which is broadly known as the filling box model [2]. The ideal filling 
box model is referred to filling an enclosure with buoyancy or reduced gravity and assumes 
zero volume flux at the source. 
Baines and Turner [3]  developed a theoretical model based on the theory proposed 
by MTT for a steady axisymmetric plume which goes up (or down) in the box and spreads 
out rapidly into a thin layer. In the model, a buoyant plume source is located at the mid-
point of the floor of the closed container. They assumed the plume impinges on the highest 
point of the container and then flows horizontally out towards the sidewalls, and a thin 
layer (density interface between the ambient fluid and the plume) is then created. This layer 
thickens and the interface (first front) moves down towards the source (Fig. 1.1) due to the 
continuous feeding of the plume fluid. This model assumed the presence of stratification 
in the buoyant upper layer varying at a uniform speed in time at all dimensions. The 
turbulence of the plume and mixing in the ambient were suppressed in the model. The 
major assumption of the model is that the inflow into the plume is proportional to the 
average vertical velocity in the plume.   
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Fig. 1.1 Sketch of the filling box model 
The density difference in the fluids is termed as the reduced gravity and expressed 
as 𝑔′ = 𝑔(𝜌𝑎 − 𝜌𝑝)/𝜌𝑎 which is parameterized as the function of the source buoyancy flux 
(𝐹).  In the equation, 𝜌𝑎 and 𝜌𝑝 are the density of ambient fluid and buoyant fluid 
respectively. At any level in the z-direction, the volume, momentum and buoyancy fluxes 
per unit length of the line plume are as follow: 
𝑞(𝑧) = ∫ 𝑈(𝑧)𝑑𝑥 = 2?̅?
∞
−∞
(𝑧)𝑏(𝑧)       (1.1) 
𝑚(𝑧) = ∫ 𝑈2(𝑧)𝑑𝑥 = 2?̅?2
∞
−∞
(𝑧)𝑏(𝑧)      (1.2) 
𝑓(𝑧) = ∫ 𝑔′𝑈(𝑧)𝑑𝑥 = 2𝑔′?̅?
∞
−∞
(𝑧)𝑏(𝑧)      (1.3) 
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Here, 𝑈(𝑧) is the vertical velocity, ?̅?(𝑧) is the mean velocity of the plume in the z-direction 
and 𝑏(𝑧) is the half-width of the plume in that direction (Fig. 1.1). Buoyancy flux per unit 
length (𝑓) is the rate of transport of reduced gravity and 𝜌𝑓 is the transported net weight. 
1.2 Motivation  
The filling box model shows up in numerous engineered and geophysical flows, for 
instance, in heat transfers inside room [9], in building ventilation [8] and in the seas (for 
example Ma et al., 2015) [10]. Most of the past studies have concentrated chiefly on the 
filling box containing a point source plume, less attention has been given to line plume 
studies [11, 12].  
The classical plume hypothesis has been effectively connected over an immense 
range of scales and gives an exceptionally adaptable way to deal with plume modeling. 
Many presumptions are made by established hypothesis. However, two are of specific 
relevance to the buoyancy driven turbulent flow: the surrounding of the ambient is 
supposed to be inactive and the outflow from the plume is to be symmetrical. 
Clearly, this supposition forces a serious confinement on the appropriateness of 
established plume hypothesis to some real-life conditions where some level of natural 
disturbance is typically present. So, as to get nearer to the real life circumstance, this thesis 
investigates the behavior of an asymmetrically located line plume to study how the plume 
is influenced by the location of its source, to compare the experimental results with 
established theoretical modeling, and also to develop a theoretical model of the 
asymmetrical line plume. It is expected that the experimental and the theoretical study 
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provide an improved understanding of the asymmetrical line plume in the general setting 
of environmental fluid dynamics. 
1.3 Thesis outline 
The outline of this thesis is as follows. In chapter 2, the geometry of the study, the 
assumptions, the governing equations and the classical filling box model for asymmetrical 
line plumes are presented. A detail explanation of the experimental procedure is discussed 
in chapter 3. Chapter 4 consists of the experimental results, comparison of the results with 
the theoretical modeling and the predicted models of the asymmetric plume characteristics 
including validation with the empirical solutions. A brief conclusion and suggestions for 
future studies are given in chapter 5.  
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CHAPTER TWO 
 
THEORETICAL MODELING 
 
 
A line plume is formed by the constant release of buoyant fluid uniformly along a 
horizontal line. Some key parameters of a line are shown in Fig. 2.1. This study examines 
the development of a line-source plume in an enclosure as shown in Fig. 2.2. The 
development of the filling box model is carried out for symmetrical and asymmetrical 
boxes. The basic equations for a line plume are derived from the continuity and momentum 
equations.  
 
Fig. 2.1 Geometry of a line plume showing length (𝑊) of the source with the buoyancy 
flux per unit length 𝑓, plume velocity 𝑈, entrainment velocityUe , and the width of the 
plume from the centerline of the source b  
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 It is assumed that the plume properties are constant along the width (𝑊) of the 
plume [11] and the volume flux per unit length ( q ) is divided equally between the two 
outflows at the base of the box (see Fig 2.2). As the plume is in a uniform quiescent 
condition above the first front, there is no velocity in the ambient fluid. Following the 
Boussinesq approximation, it is assumed that the difference between the densities (  ) of 
the plume fluid and ambient fluid is very small compared to the reference density (ambient 
fluid). 
  
Fig. 2.2 Layout of the theoretical model showing plume source buoyancy flux F , dense 
layer thickness ( )H h , location of the plume in terms of the fractional width of the box 
to the right of the plume λ, and outflow flux per unit length q  
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In a quiescent environment, the transverse plume spreading rate is constant with 
height which is predicted by an ideal plume theory and can be derived from plume 
equations with the entrainment assumption given by Morton et al., 1956 [4]. The spreading 
of the plume is affected by the entrainment of the ambient fluid into the plume. The quicker 
the ambient fluid entrains into the plume, the more the plume’s volume flux rises and the 
faster the plume spreads. As the mixing and entrainment of the ambient fluid into a dense 
fluid is driven by the dynamics of the plume, it can be assumed that the entrainment 
velocity, Ue  is linearly proportional to the plume velocity, 𝑈 (See Fig. 2.1) at given height
( )z . That is Ue =α 𝑈. 
Above the dense lower layer, the plume has a constant buoyancy flux. That is 
𝑓 = 𝑔′𝑞          (2.1) 
where the buoyancy (or reduced gravity) is given by 
𝑔′ =
𝜌𝑎−𝜌𝑝
𝜌𝑎
𝑔          (2.2) 
Buoyancy force in the flow generates momentum which then creates mixing in the fluids. 
Such that  
𝑞 = 𝐶𝑓
1
3
 𝑧          (2.3) 
where q is the volume flux per unit length,
2
3(2 )C   is a coefficient for the volume flux 
whose value is 0.47 for line plume [1], 𝑓  is the buoyancy flux per unit length, 𝑔′ is the 
reduced gravity, a  & p  are the densities of the ambient fluid and salt water respectively. 
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When the plume is first turned on it falls to the base of the tank and spreads out 
forming a dense lower layer. This lower layer thickens over time as more plume fluid is 
added. The rate at which the interface moves upward is controlled by the volume flux per 
unit length of the plume at the depth of the buoyant layer which is determined from the 
volume conservation.  
The area of the tank is 𝐴𝑇 = 𝑊𝐿, the thickness of the buoyant layer is ( )H h  and 
volume of the buoyant layer, ∀= 𝐴𝑇(𝐻 − ℎ). The equation for the conservation of volume 
for the lower layer is 
ⅆ∀
ⅆ𝑡
+ Σ𝑄𝑜𝑢𝑡 − Σ𝑄𝑖𝑛 = 0         (2.4) 
which can be rewritten as 
 𝑄𝑝𝑙𝑢𝑚𝑒(𝑧 = ℎ) = 𝑞𝑊 = 𝐴𝑇
ⅆ(𝐻−ℎ)
ⅆ𝑡
       (2.5) 
The upward velocity of the interface is, therefore,  
ⅆ(𝐻−ℎ)
ⅆ𝑡
=
𝑄𝑝𝑙𝑢𝑚𝑒
𝐴𝑇
   (2.6) 
By substituting 𝑄𝑝𝑙𝑢𝑚𝑒 and 𝐴𝑇 = 𝜆𝐿𝑊 in equation (2.6) we got 
ⅆ(ℎ)
ⅆ𝑡
= − 
𝐶(𝑓)1/3 ℎ𝑊
𝜆𝑊𝐿
         (2.7) 
Integrating equation (2.7) over the time period from 0t   to t t  as the height of the 
interface is moving upward from the base of the tank where z H  to the height h gives 
𝜆𝐿 ∫
ⅆℎ
𝑧
ℎ
𝐻
= −𝐶𝑓
1
3 ∫ 𝑑𝑡
𝑡
0
        (2.8) 
that is 
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ℎ = 𝐻𝑒−
𝐶𝑓
1
3𝑡
𝜆𝐿            (2.9) 
for short region of the tank and 
ℎ = 𝐻𝑒
−
𝐶𝑓
1
3𝑡
(1−𝜆)𝐿          (2.10)  
for the long region of the tank. Here, ℎ is the distance from the top of the dense layer to the 
plume source and λ represents the fraction of the total tank length to the right of the plume 
and is referred to herein as the width coefficient and is shown in Fig. 2.2. The value of   
varies from 0 to 0.5. 
From (2.9) and (2.10) we can write that the characteristic time for the filling process is  
 𝑇𝑓𝑖𝑙𝑙
𝜆𝐿𝑊
𝐶𝑓1/3 
  for the short region,  𝑇𝑓𝑖𝑙𝑙 =
(1−𝜆)𝐿𝑊
𝐶𝑓1/3 
 for the long region   (2.11) 
Combining equations (2.9), (2.10) & (2.11) leads to 
ℎ
𝐻
= 𝑒
−
𝑡
 𝑇𝑓𝑖𝑙𝑙
          (2.12) 
which is valid for both sides of the plume.  
 The preceding model is developed under the assumption that the plume source is 
an ideal source of buoyancy only. That is, the plume has zero thickness at the source. To 
account for the fact that the plume has a finite source thickness, all vertical distances are 
measured from a virtual origin. The virtual origin is the position the plume source would 
be if it were infinitesimally thin, and it is calculated by extrapolating back the plume’s half 
width to 𝑏 = 0  
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Fig. 2.3 Location of the virtual origin 
The virtual origin is located at a distance 𝑍𝑣 above the tip of the plume nozzle (See 
Fig. 2.3) and it is computed as 
𝐷
2
= 𝛼𝑍𝑣           (2.13) 
[3]. 𝑍𝑣 can be determined theoretically if the value of the entrainment coefficient (α) is 
given. While there are a wide variety of values for α cited in the literature, the value of α 
has been taken for this study is 0.161 [1]. Here, 𝐷 is the thickness of the nozzle slot which 
is 3.2mm. Therefore, the predicted theoretical value of 𝑍𝑣 for the line plume source use in 
this study is 𝑍𝑣 = 11.2mm. 
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CHAPTER THREE 
 
EXPERIMENTAL SETUP AND PROCEDURE 
 
 
3.1 Overview 
In this thesis, all the experiments have followed a basic common setup. In every 
setup, a saltwater plume from an overhead tank was released vertically downward into a 
transparent tank filled with fresh water. A schematic diagram of the setup is shown in Fig. 
3.1. A constant head tank was used to supply the saline water to create a continuous plume 
flow. A flow meter with valve was connected to this tank to adjust the volume flux of the 
plume. The plume flowing into the box was lighted from the backside of the tank. All 
experiments were captured with a digital camera and analyzed on a computer.  
 
Fig. 3.1 A schematic of the experiment showing a reservoir with constant head of dyed 
fluid, flowmeter, plume nozzle, ambient fluid in quiescent environment in a rectangular 
transparent tank, and a buoyant line plume flowing downward 
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3.2 Experimental setup 
Seven sets of experiments were performed for this thesis. The first set examined 
the behavior of a line plume located in the middle of the tank width. In the second set, the 
plume was placed at the side-wall to observe whether the outflow mixed with ambient fluid 
or overturned. In the other sets, the plume was situated at different locations between the 
edge of the wall and center of the tank.  In every set, multiple experiments were run in 
which the source buoyancy flux was changed by varying either the source buoyancy, 
source volume flux, or both. The experiments were carried out in two different size 
rectangular tanks. 
A line-source plume was established using a nozzle having several point sources. 
The nozzle was connected to an overhead tank which was used to supply the dense salt 
water (NaCl). To maintain a constant head there was a weir in the tank and the water 
transferred to the weir using a submersible pump. A flow meter with adjustable needle 
valve was installed with a pipe attached with the constant head tank to monitor the flow 
rate at the nozzle. Red food coloring was added to the salt water to track the plume behavior 
in the ambient fluid. A plastic tube with a ball valve was attached to the nozzle so that the 
flow could be turned on after the needle valve was set to the desired flow rate.  
 The whole setup was installed in a dark room covered with black curtains. For the 
experiments in the small tank the tank was backlit by a white umbrella photographic light 
box of six 45 watts compact fluorescent bulbs. A Canon JVC AP-V20U digital camera was 
used to capture images of the experiments. Its optical settings were set for low light 
conditions. The aperture was set to 5.6 and the frame rate was 30 frames per second. The 
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camera was positioned at 330 cm from the front face of the small filling tank and at 77cm 
above the ground. The larger tank was illuminated using ambient light (rather than back 
lighting due to space constraints) and the camera was placed 230 cm from the front of the 
tank.  
3.3 Preparation 
3.3.1 Filling box 
The smaller tank was made of glass with plastic framing around the upper and lower 
edges. The large tank was made with acrylic cast clear sheets. The outer cross-sections of 
the smaller tank were 61.2cm x 30cm x 40cm and that of larger tank was 244cm x 30cm x 
30cm. Each tank was filled with fresh water and its density ranged from 0.997 to 0.999 
g.cm3 measured by an Anton Paar DMA 35 84138 Digital Density Meter. For the smaller 
tank, the two sides were covered from the outside with black cardboard sheets to prevent 
the light from entering from the sides to the tank. The tanks were placed in a previously 
leveled flat table which was 106.5 cm above the ground level. 
3.3.2 Constant overhead tank with dense fluid 
A square tank with a base dimension of 46 cm and height of 31 cm was placed 183 
cm above the ground so that fluid could flow gravitationally through the plastic tube and 
the flow meter. The overhead tank was filled with fresh water at first. The dense fluid was 
then made adding salt to the fresh water. A dash of red food color added to dye the water 
and stirred until the solution was well mixed. After mixing, a sample of the salt water was 
collected by the 2mL syringe of the Anton Paar DMA 35 84138 digital density meter to 
measure the density of saline water. To get the desired density either salt or fresh water 
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was added later to the tank. The tank had two parts which can be seen from Fig. 3.2: a 
reservoir side (large part) and a weir side (small part). A pump was submerged in the 
reservoir side that pumped water from the reservoir side to the weir side. The water of the 
weir side went back to the reservoir over the weir ensuring that, as salt water was removed 
from the tank, a constant depth was maintained on the weir side. The salt solution was 
drawn from this weir side to supply a constant head flow to the experiment.  
 
Fig. 3.2 Constant overhead tank filled with saline water  
3.3.3 Nozzle design 
The nozzle designed for this research work was made of plastic. Fig. 3.3 & 3.4 
show photographs of the nozzle. It had two parts: an inner tube with holes and an outer 
tube having a thin slot opening at the bottom face along the length of the pipe. The diameter 
of the inner tube was 0.93 cm and that of the outer tube was 2.1 cm. The inner tube 
consisted of a large number of small holes along the top face and was supplied with salt 
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solution from both ends so that water discharged relatively uniformly throughout the 
nozzle. The slot in the outer tube was 3.2 mm wide and was 23 cm long for the small tank 
nozzle, and 21 cm long for the large tank nozzle. The salt solution was supplied to the inner 
tube first, flowed out through the upward facing holes, and flooded the outer pipe before 
flowing out of the narrow slot. The nozzle spanned the full width of the filling box 
enclosure through the slot ended 2.5 mm for the small tank and 3.5 mm for the long tank 
from each side to allow space for the tube connector. The nozzles were half submerged 
below the water level at the start of each test. Fig. 3.5 illustrates the design of the nozzle.   
 
(a) 
 
(b) 
 
 
Fig. 3.3 Close-up views of the nozzle, (a) bottom 
view and (b) side view 
      Fig. 3.4 Nozzle with wooden 
framework and maintenance 
valve 
 
 
 
 
17 
 
  
(a) (c) 
 
 
(b) (d) 
 
Fig. 3.5 Schematic of experimental nozzle: (a) isometric view, (b) bottom side, (c) top 
side of the inner pipe, and (d) cross section 
3.3.4 Flow rate control  
Two valves were used to control the flow of the plume through the nozzle. A needle 
valve was attached with a flow meter (Fig. 3.7) that can be preset to the desired flow rate. 
A ball valve was attached to the tubing just upstream of the nozzle as seen in Fig. 3.4. This 
valve was not used to control the flow rate but was used to turn on the flow in the beginning 
and turn off at the end of the experiment. It was also used to isolate the upstream salt water 
supply while the nozzle was disconnected to remove air bubbles prior to the start of each 
experiment.  
The flow rate meter used was an inline rotameter flowmeter whose calibration is 
sensitive to the density of the fluid being measured. As salt water was being used, the flow 
rate meter required calibration for the different salt densities used in the tests. The 
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following procedure was followed to calibrate the flow rate. Using the needle valve, the 
flow was adjusted to a marked level. Fixing the flow rate value helped to monitor and 
produce the desired flow rate. The tubing downstream of the flow rate meter was 
disconnected from the nozzle and the salt water was collected in a measuring cylinder and 
time was recorded till the water reached a certain volume. The flow rate was calculated as 
the volume collected divided by the time recorded. This flow rate was plotted against the 
volume flow rate reading for the flow rate meter.  The resulting plots are shown in figure 
3.6. The linear calibration curves are given by the equations of y = 0.9228x + 0.524 and y 
= 0.9872x + 8.5786 respectively for the densities of 1.102 gm/cm3 and 1.15 gm/cm3. 
  
          (a)          (b) 
Fig. 3.6 Plots of the flow rate calibration for two densities 
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Fig. 3.7 View of the flow meter with needle valve 
3.4 Experimental procedure 
An experiment started by adding salt to the overhead tank filled with fresh water to 
get the prescribed density of the dense fluid. Then the dye solution was prepared as 
mentioned above. The pump was turned on to transfer the saline water to the weir side and 
was run until the salt solution flowed continuously over the weir wall establishing a 
constant head at a height slightly above that of the weir crest. While preparing the saline 
water, the rectangular glass tank was filled with fresh water until the water surface touched 
the tip of the nozzle. Simultaneously, the camera was positioned so as to view the front 
side of the tank. Using a tripod and leveling scale the camera’s view was fixed for each set 
of experiments. After locating the camera, it was manually focused so that the tank was 
clearly visible. Then it was set to the required aperture for low light conditions. In the 
meantime, the nozzle with the plastic tube was submerged in the fresh water so that any air 
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bubbles inside came out. The pipe connected to the saline water was also flooded to be free 
from any air bubbles. The nozzle was then placed at the desired location.  
When all these preparations were done, the room was blackened, and the camera 
began to record images. Then the desired volume flux was preset, and the ball valve 
attached to the nozzle was fully opened. The plume was allowed to flow until the first front 
approached close to the nozzle. This typically took 3 to 7 minutes for each experiment 
depending on the size of the tank and source buoyancy flux. After turning off the plume 
flow the filming was stopped. At the end of the experiment, the filling box was drained of 
all water and the process was repeated for the next experiment. A list of the parameters 
used for the experiments performed is given in Table 3.1.  
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Table 3.1 Details of the experiments  
Label 
Tank 
size 
λ 
Ambient fluid density, 
g/cm3 
Dense fluid 
density, g/cm3 
Flow rate, 
CCM 
S1 Small 0 0.997 1.179 250 
S2 Small 0 0.997 1.179 300 
S3 Small 0 0.997 1.179 500 
S4 Small 0 0.997 1.089 250 
S5 Small 0 0.997 1.089 300 
S6 Small 0 0.997 1.089 500 
S7 Small 0 0.997 1.13 250 
S8 Small 0 0.997 1.13 300 
S9 Small 0 0.997 1.13 500 
S10 Small 0.1 0.9975 1.0998 250 
S11 Small 0.1 0.9975 1.0998 500 
S12 Small 0.2 0.997 1.17 250 
S13 Small 0.2 0.997 1.17 300 
S14 Small 0.2 0.997 1.17 500 
S15 Small 0.33 0.997 1.083 500 
S16 Small 0.33 0.997 1.083 300 
S17 Small 0.33 0.997 1.083 250 
S18 Small 0.33 0.997 1.115 250 
S19 Small 0.33 0.997 1.115 300 
S20 Small 0.33 0.997 1.115 500 
S21 Small 0.33 0.997 1.17 250 
S22 Small 0.33 0.997 1.17 300 
S23 Small 0.33 0.997 1.17 500 
S24 Small 0.25 0.9975 1.0998 250 
S25 Small 0.25 0.9975 1.0998 500 
S26 Small 0.4 0.9975 1.0998 500 
S27 Small 0.4 0.9975 1.0998 250 
S28 Small 0.5 0.997 1.081 250 
S29 Small 0.5 0.997 1.081 300 
S30 Small 0.5 0.997 1.081 500 
S31 Small 0.5 0.997 1.115 250 
S32 Small 0.5 0.997 1.115 300 
S33 Small 0.5 0.997 1.115 500 
S34 Small 0.5 0.997 1.17 500 
S35 Small 0.5 0.997 1.17 300 
S36 Small 0.5 0.997 1.17 250 
L1 Large 0.25 0.9983 1.1237 500 
L2 Large 0.25 0.9983 1.1237 900 
L3 Large 0.5 0.9991 1.0682 350 
L4 Large 0.5 0.9992 1.0682 135 
L5 Large 0.5 0.9992 1.1012 700 
L6 Large 0.5 0.9993 1.1026 350 
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3.5 Image processing 
The measurement of the time-averaged front movement of the experiments was 
done using light attenuation technique [13]. The Beer-Lambert law of absorption was used 
in this process. The law states that if light passes through a medium, the light attenuation 
rate is proportional to the local light intensity and the concentration of the medium. If we 
consider the concentration of dye 𝐶𝑜, thickness 𝑑𝑥, and intensity of light 𝐼, then the light 
attenuation rate can be written as 
−
ⅆ𝐼
𝐼
= 𝜎𝐶𝑜𝑑𝑥          (3.1) 
By integrating equation (3.1) gives 
𝐼
𝐼𝑜
= 𝑒−𝜎𝐶𝑜𝑊          (3.2) 
where 𝐼𝑜 is the initial light intensity, 𝐼 is the absorbed light intensity after turning on the 
plume (in the case of this study), 𝑊 is the width light passes through (width of the tank), 
and 𝜎 is the effective area. From equation (3.2) the depth-integrated concentration was 
calculated.  
A CCD camera was used to measure the light intensity transmitted. The camera 
recorded the images before turning on the plume so that the local intensity could be 
measured and compared with the light intensity with the plume. An image processing 
toolbox created using MATLAB was used to calculate the intensities from videos and 
hence, the depth-integrated concentration.  
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CHAPTER FOUR 
 
RESULTS AND DISCUSSIONS 
 
 
The goal of this study is to examine the behavior of a line plume in a filling box 
when the flow is no longer symmetrical, to observe the time-averaged front movement of 
the plume, and to compare the results with the classical filling box model. The outflow 
velocity of the plume has also been studied. Qualitative observations and quantitative 
measurements of the line plumes have been discussed in this section. To this end, the results 
of eight experiments are described here and the results of the rest of the experiments are 
given in Appendix A.  
4.1 Qualitative description                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
4.1.1 Symmetric plume 
This section will discuss the results of the experiments of the symmetric plume. 
Figures 4.1 & 4.2 are showing snapshots taken from the experiments where the plume is 
attached to a side wall (𝜆 = 0, figure 4.1) or symmetrical (𝜆 = 0.5, figure 4.2). In figures 
4.1a and 4.2a, the time is taken to be 0 when the plume hits the bottom of the tank.  In the 
case of a classical filling box model, the plume descends to the bottom of the tank which 
is seen in figures 4.1a & 4.2a. After hitting the bottom (Fig. 4.1a), the plume spreads out 
and moving to one side (Fig. 4.1b) or both sides (Fig. 4.2b) of the tank.  
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a) T=0 sec b) T=24 sec 
  
c) T=50 sec d) T=186 sec 
Fig. 4.1 Images from the experiment where λ=0, taken at (a) 0 sec, (b) 24 sec, (c) 50 sec, 
and (d) 186 sec 
An interface between the ambient fluid and plume fluid is then generated and 
continuously moved up towards the plume source. Near the source, the interface formed a 
smooth surface. It is seen from figures 4.1d & 4.2d that the fluid below the interface (first 
front) is kept stratified. However, the dense fluid is generating small waves while flowing 
out from the plume. The outflow from the plume was quite thick (see discussion later) such 
that by the time the outflow reached the side walls the dense lower layer was fairly thick. 
However, the classic filling box model assumes an infinitesimally thin outflow.  
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a) T=0 sec b) T=24 sec 
  
c) T=50 sec d) T=186 sec 
Fig. 4.2 Images from the experiment where λ=0.5, taken at (a) 0 sec, (b) 24 sec, (c) 50 
sec, and (d) 186 sec 
4.1.2 Asymmetric plume 
Snapshots of an experiment with asymmetrically placed plume are shown in Fig. 
4.3. In the beginning, the plume descended to the bottom of the tank like the previous 
symmetric experiments, spread out, hit the two sides of the tank and created a stratified 
layer. However, when the outflow on the short side of the plume reflected off the end wall 
and arrived back at the plume, it was observed that the plume bent towards the short region 
of the tank and stayed bent for a while before eventually returning back to being vertical. 
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This plume behavior was observed for all asymmetrical conditions and has not been 
reported in the literature.  
  
a) T=0 sec b) T=15 sec 
  
c) T=24 sec d) T=35 sec 
  
e) T=50 sec f) T=122 sec 
Fig. 4.3 Images from the experiment where λ=0.33, taken at (a) 0 sec, (b) 15 sec, (c) 24 
sec, (d) 35 sec, (e) 50 sec and (f) 122 sec 
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4.1.3 Plume bending 
In this study, it is found that while the plume was asymmetrical, it bent to the short 
region of the tank which is mentioned in the previous section. Visualization of flow 
dynamics is presented in Fig. 4.4 which shows the intrusion of the dense fluid into the 
ambient fluid at the bottom of the tank and the bending behavior of the plume. It is seen 
from Fig. 4.4a that the dense fluid descended into the ambient fluid at the bottom and then 
propagated as a gravity current towards the side walls. After hitting the shorter sidewall, 
the outflow moved back towards the plume. The moment the outflow met the plume it bent 
towards the return flow (Fig. 4.4b), and there was a recirculation established by the 
outflow. Thus, the plume turned to that side. The inclination behavior of the plume 
continued until the outflow from the other side moved back (Fig. 4.4c). The plume then 
became straight again when the other side flow reached the plume, as shown in Fig. 4.4d.  
A potential explanation of this plume behavior is that the outflow, when reflected 
off the end wall, creates a large-scale circulation in the dense layer. This, in turn, induces 
a slightly lower pressure on that side of the tank which draws the plume over. The plume 
returns to the vertical when the outflow on the other side returns to the plume creating a 
balancing circulation.  Therefore, it can be concluded that the bending of the plume is 
dependent on the motion of the outflows which will be discussed in more detail later in this 
chapter.  
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   (a)          (b) 
 
   (c)          (d) 
Fig. 4.4 Plume bending towards the short region  
4.2 Quantitative results 
4.2.1 The front movement  
The first front data from the experimental results have been plotted in a form of 
ℎ/𝐻 against the non-dimensional time parameter. The plots have been shown in figures 
4.5-4.11 for different values of λ. The time parameter,  is any time in the domain 
normalized by filling box time and the depth parameter was measured from the light 
attenuation technique. These figures also contain filling box model curves calculated using 
the following equation: 
h
e
H
           (4.1) 
where 𝜏 = 𝑡/𝑇𝑓𝑖𝑙𝑙 and 𝑇𝑓𝑖𝑙𝑙 is the filling time for each side of the tank. Therefore, in the 
following plots, a particular value of 𝜏 will represent a different real time on each side of 
the plume for the same experiment. To plot the theoretical model curve, an ideal plume 
was assumed, and the virtual origin correction had been applied at the source. All the results 
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for the first front were plotted using 𝐶 = 0.47 in equation (2.10) as suggested by Lee and 
Ching, 2003 [1]. 
Fig. 4.5 is showing the results of the experiment where the plume was located at 
the edge of the tank. Here, the volume flux of the plume was 250 cm3/min and the density 
difference between the fluids was 0.0920 gm/cm3. The virtual origin (𝑍𝑣) was added to the 
tank’s height 𝐻 for getting the theoretical prediction for all experiments. The camera could 
not capture the virtual origin. Hence, there is no result measured from the light attenuation 
technique for the depth of the virtual origin of the plume (point B in Fig. 4.5). Similarly, 
there was a 1.5 cm black border at the bottom of the tank which also caused no results from 
light attenuation and therefore, there is no contour found above point A in Fig. 4.5. In all 
cases the figures have been reversed, so the top of the tank is at the bottom of the figure.  
It is observed from the figure that the contour plot initially shows significant 
fluctuations. The reason behind this fluctuation might be the thickness of the outflow, the 
rise of the outflow at the end wall prior to reflecting back towards the plume, and small 
waves generated from the outflow of the plume. However, in general the contours broadly 
match with the theoretical result for 𝜆 = 0.  
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Fig. 4.5 First front position vs. non-dimensional time for λ=0 
 Figure 4.6 is showing the outputs of the experiment when the plume was at the 
middle of the tank (𝜆 = 0.5). In this case, contour plots from both sides satisfactorily 
validate the theoretical results. The gaps at the top and the bottom of the contour plots had 
also been included here. 
 
A 
B 
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                                           (a)                                                               (b) 
Fig. 4.6 First front position vs. non-dimensional time for λ=0.5, (a) results for the left side 
of the plume and (b) results for the right side of the plume 
 Figures from 4.7 to 4.11 are the results of the asymmetric plume experiments where 
the width coefficient, 𝜆 ranges from 0.1 to 0.4. In figures 4.7, 4.8 and 4.9, the plume was 
located where 𝜆 equals to 0.1, 0.2 and 0.25 respectively. In those experiments, the area 
between the plume and the wall was very small which caused a greater amount of noise in 
the contour plots in the short sides (Fig. 4.7b, 4.8b & Fig. 4.9b) such that no meaningful 
conclusions can be drawn about the flow on that side. However, it is seen that there is no 
good agreement established between the theoretical and experimental results. Similar 
behavior has also been found when the plume was located at the one-fifth of the length of 
the tank, as shown in Fig. 4.10.  
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                                           (a)                                                               (b) 
Fig. 4.7 First front position vs. non-dimensional time for λ=0.1, (a) results for the left side 
of the plume and (b) results for the right side of the plume 
     
                                           (a)                                                               (b) 
Fig. 4.8 First front position vs. non-dimensional time for λ=0.2, (a) results for the left side 
of the plume and (b) results for the right side of the plume 
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                                           (a)                                                               (b) 
Fig. 4.9 First front position vs. non-dimensional time for λ=0.25, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
      
                                           (a)                                                               (b) 
Fig. 4.10 First front position vs. non-dimensional time for λ=0.33, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Experimental results of the previously mentioned asymmetrically located plume 
did not show any agreement with the filling box model. There are a number of possible 
reasons for this. Firstly, as discussed above, the plume bends towards the nearest wall 
which will alter the entrainment into the plume. Second, the outflow from the plume is 
quite thick, and there is some overturning at the end walls. In general, the closer the 
experimental setup is to being symmetric the better the agreement between the classic 
model and the experiments.   
           
                                           (a)                                                               (b) 
Fig. 4.11 First front position vs. non-dimensional time for λ=0.4, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
The different values of 𝐶, a function of entrainment coefficient (α) known as 
volume flux coefficient, has been suggested by different authors for line plumes. In this 
study, the other values of the predicted volume flux coefficient are 0.34 and 0.57 which 
were proposed by Kotsovinos & List, 1977 and Rouse et al., 1952 respectively. The 
35 
 
comparison of the theoretical model using different 𝐶 values has been illustrated in figures 
from 4.12 to 4.18. The results using 𝐶=0.34 and 𝐶 =0.57 didn’t compliment with the 
experimental results of symmetric plume (Fig. 4.12 & Fig. 4.13), specially for the lower 
value of 𝐶. However, the solution with the higher value of 𝐶 seems to be close to the 
experimental measurements for the asymmetric plume (Fig. 4.18) conveys the higher the 
value of 𝐶 the more the theoretical results match the experimental results. Thus, it can be 
said that the entrainment in the asymmetrically located plume is higher than that of the 
symmetrical one. Additionally, these figures illustrate that small changes in 𝐶 can lead to 
quite large changes in the predicted depth of the dense layer over time. Therefore, 
uncertainty in the entrainment coefficient may also account for disagreement between the 
model and experimental results.  
 
Fig. 4.12 Comparison of different values of 𝐶 for plume where λ=0; red circle is for 𝐶 
=0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. 4.13 Comparison of different values of 𝐶 for symmetric plume where λ=0.5; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
  
Fig. 4.14 Comparison of different values of 𝐶 for asymmetric plume where λ=0.1; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. 4.15 Comparison of different values of 𝐶 for asymmetric plume where λ=0.2; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
  
Fig. 4.16 Comparison of different values of 𝐶 for asymmetric plume where λ=0.25; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. 4.17 Comparison of different values of 𝐶 for asymmetric plume where λ=0.33; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
  
Fig. 4.18 Comparison of different values of 𝐶 for asymmetric plume where λ=0.4; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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4.3 Outflow 
The plume outflow travels horizontally away from the plume as a constant flux 
gravity current [16]. This outflow has been shown in Fig. 4.19 at different times where the 
plume source flow rate is 135ccm, the density difference between fluids is 0.069gm/cm3, 
and reduced gravity is 0.677m/s2. Though the height of the current along its length was not 
consistent in the beginning, it achieved a constant height while hitting the side wall (Fig. 
4.19h). Mixing between fluids and waves at the top of the front due to shear instability are 
observed in the figure.  
The depth of the nose almost stayed constant until time=24 sec (Fig. 4.19b), and 
then it decreased (Fig. 4.19c). In this primary segment, the height of the gravity current 
behind the nose roughly was consistent for about 56 sec, as shown in Fig. 4.19e and then 
it started to decrease towards the back. At later times, the depth decreased more gradually 
towards the rear and extended further back from the front. At an even later time, this height 
decreased slowly towards the back and expanded further over from the front (Fig. 4.19h).  
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a)  T=6 
b) T= 24 
c)  T=36 
d)  T=46 
e)  T= 56 
f)  T=66 
g)  T=76 
h)  T=86 
Fig. 4.19 Photographs captured after the dense fluid released the plume at different times 
 A series of experiments were run in which the gravity current front position was 
measured at different times for different plume source conditions. These front positions are 
plotted against time for different flow rates, as shown in Fig. 4.20. From these plots, it is 
seen that the gravity current exhibited a constant velocity for different buoyancy fluxes. 
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              (a)                 (b) 
   
              (c)                           (d) 
   
              (e)       (f) 
Fig. 4.20 Length profiles of the outflow against time for flow rate is (a) 500ccm, (b) 
900ccm, (c) 350ccm, (d) 135ccm, (e) 700ccm and (f) 350ccm. Dots are the results from 
experimental images and green dash lines are the linear trendlines 
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Fig. 4.21 Gravity current variables 
The governing variables of the gravity current is seen in Fig. 4.21 where 𝑞 is the 
volume flux per unit length coming from the plume, ℎ′ is the depth of the outflow of the 
current, 𝑈𝑓 is the velocity of the nose and 𝐻 is the depth of the ambient environment. Thus, 
the relationship between discharge per unit length of the plume and the front velocity can 
be written as 
𝑞
2
= 𝑈𝑓ℎ
′ ⇒
𝐶𝑓
1
3(𝐻−ℎ′)
2
= 𝑈𝑓ℎ
′
       (4.2) 
or 
𝑈𝑓 = 𝐶𝑓
1
3
(𝐻−ℎ′)
2ℎ′
          (4.3) 
There is also a Froude number constraint [16] on the gravity current front given by  
𝐹𝑟 = (
2−𝜙
1−𝜙2
)
1
2
, 𝜙 =
ℎ′
𝐻
 and Fr=
Uf
√g′h′
      (4.4) 
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The reduced gravity for outflow,  
𝑔′ =
𝑓
2
𝑞
2
=
𝑓
2
3
𝐶(𝐻−ℎ′)
                             (4.5) 
Substituting the values of 𝑔′  and 𝑈𝑓 in equation (4.4) and simplifying it simultaneously 
leads to  
𝐶(1 − 𝜙) − 𝜙 (
4(2−𝜙)
(1−𝜙2)
)
1
3
= 0        (4.6) 
The values obtained from equation (4.6) and the corresponding Froude numbers calculating 
using   values are given in Table 4.1 and a schematic representation of the theoretical 
depth of the outflow is given in figure 4.22. A plot corresponding to the relationship given 
in equation (4.3) is shown in Fig. 4.23.  
Table 4.1 The outflow depth ratios and Froude numbers 
𝐶   𝐹𝑟 
0.34 0.15 1.38 
0.47 0.19 1.37 
0.57 0.226 1.37 
 
Fig. 4.22 Showing thickness of the outflow obtained theoretically using 
ℎ′
𝐻
= 0.19. 
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Fig. 4.23 Velocity profile against the buoyancy flux per unit length of the plume 
The front velocities are seen to increase linearly with  𝑓1/3. As the bending time is 
a function of the time taken for the plume outflow to reach the end of the wall and reflect 
back, this time should be proportional to the distance to the wall and inversely proportional 
to the outflow velocity (assuming the velocities of outflow going to the wall and coming 
back are similar). Hence,  
𝑇𝑏𝑒𝑛ⅆ  ≈
2𝜆𝐿
𝑈𝑓
≈
2𝜆𝐿
𝐶𝑓
1
3 
(𝐻−ℎ′)
2ℎ′
≈
4𝜙
𝐶(1−𝜙)
𝜆𝐿
𝑓
1
3
       (4.7) 
Equation (4.7) is for the short region which is proportional to the filling time at the same 
side of the box.  
To quantify this relationship (4.7) the time at which the plume bent was measured 
for a range of buoyancy fluxes, tanks sizes, and 𝜆 values. This data is plotted against 
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bending time obtained theoretically using equation (4.7) and against 𝜆𝐿
𝑓1/3 ⁄
 in figures 
4.24 and 4.25 respectively. 
 
Fig. 4.24 Linear relationship between model and experiment 
The measurements of the bending time from experiments exhibit a reasonable linear 
relationship with the solutions estimated from the theoretical model. Providing 𝐶 =
0.34, 0.47 & 0.57 and corresponding   values in equation (4.3) and (4.7), the bending time 
and the outflow velocity can be given by  
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𝑇𝑏𝑒𝑛ⅆ = 2.08
𝜆𝐿
𝑓
1
3
  and 𝑈𝑓 = 0.96𝑓
1
3 for 𝐶 = 0.34
𝑇𝑏𝑒𝑛ⅆ = 2.0
𝜆𝐿
𝑓
1
3
  and 𝑈𝑓 = 1.0𝑓
1
3 for 𝐶 = 0.47
𝑇𝑏𝑒𝑛ⅆ = 2.06
𝜆𝐿
𝑓
1
3
  and 𝑈𝑓 = 0.97𝑓
1
3 for 𝐶 = 0.57
}
  
 
  
 
     (4.8)  
 
Fig. 4.25 Experimental bending time 
& the empirical equations of the bending time and outflow velocity using 𝐶 = 0.47 
obtained from Fig. 4.24 & 4.23 are 
  𝑇𝑏𝑒𝑛ⅆ = 3.02
𝜆𝐿
𝑓
1
3
  and 𝑈𝑓 = 0.93𝑓
1
3       (4.9) 
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From equation (4.8) and (4.9) it is seen that the model prediction is reasonably 
justified with the empirical equation of the outflow velocity. However, the experimental 
data indicated that the theoretical predictions for bending time have not established a good 
agreement and the actual time is almost 1.5 times greater than the predicted solutions. 
Firstly, the theory assumed that flow is inviscid. Practically, there will be friction at the 
bottom of the tank and drag force in the outflow which might affect the bending time. 
Additionally, it was assumed that there was no mixing between dense and ambient fluids 
which can be a possible reason for the underprediction. It was also assumed that the outflow 
velocity was remained constant throughout time. After hitting the end wall, the outflow 
will likely lose energy as it reflects off the end wall and hence, led to a reduced velocity. 
Further, this reduced velocity would slow down the front of the return flow which 
eventually increases the time taken for the outflow to return to and bend the plume. Future 
studies of this flow may further eliminate the limitations, provide a better understanding, 
and validate the theoretical model with experimental results. 
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CHAPTER FIVE 
 
CONCLUSION 
 
 
The aim of this study described herein was to examine the influence of the location 
of the plume source on the behavior of the line plume in a confined region using 
mathematical models and laboratory experiments. To this end, a total of 42 experiments 
were conducted in a small and a large tank to investigate the behavior of the plume in the 
presence of the quiescent environment.  
The qualitative observations of the line plume located in an asymmetrical position 
in a confined region, hence an asymmetric plume filling box, had been investigated. It was 
observed that the behavior of the plume differed from classical filling box models in two 
ways: the outflow from the plume was fairly thick while it is modeled as infinitesimally 
thin and the plume bent towards the short region due to pressure drop in that side from the 
circulation driven by the plume outflow. From the experimental results and theoretical 
model generated for bending time, it was found that this bending time of the plume is 
controlled by the motion of the outflow and the bending time is a linear function of the 
filling time. It can be concluded that, if the buoyancy flux and geometry of the ambient 
environment are known, the bending time can be calculated using equation (4.8).  
Experiments were performed to validate the relationship (2.12) between the time-
averaged front movements with filling time and to estimate which value of constant 𝐶 is 
more justifiable for the line plume filling box model. A light attenuation technique was 
used to track the time-average front movement. The results from this technique were 
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compared with the experimental outcomes. Experiments for 𝜆 = 0 and 𝜆 = 0.5 showed a 
reasonably good agreement with the model using the standard value of 𝐶 = 0.47. 
However, the theoretical model based on the Baines and Turner [6] filling box model 
wasn’t justified with experimental data obtained from asymmetrically located plumes. The 
most likely reasons for this disagreement could be the higher entrainment of the 
asymmetric line plume and bending of the plume towards the nearest end wall. Further, the 
thickness of the outflow and waves generated from the outflow while reflecting back the 
end wall might also affect the interface between the dense fluid and ambient fluid.   
This study was inspired by the potential application of the results to air vents inside 
buildings which are sometimes characterized by thin, long openings that generate buoyant 
plumes while releasing air. Since these kinds of flow behavior may greatly affect the 
thermal stratification in the room induced by the outflow of the air coming from the air 
vent, it is important to better clarify the dynamic characteristics of the plume. For future 
study, stratification measurements and velocity measurements could be made to elucidate 
these phenomena and deliver better understanding of them. 
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APPENDIX A 
 
 
The Time-averaged Front Movement Results 
 
Fig. A.1 First front position vs. non-dimensional time for λ=0 
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Fig. A.2 First front position vs. non-dimensional time for λ=0 
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Fig. A.3 First front position vs. non-dimensional time for λ=0.1, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.4 First front position vs. non-dimensional time for λ=0.2, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.5 First front position vs. non-dimensional time for λ=0.25, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.6 First front position vs. non-dimensional time for λ=0.33, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.7 First front position vs. non-dimensional time for λ=0.33, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.8 First front position vs. non-dimensional time for λ=0.33, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.9 First front position vs. non-dimensional time for λ=0.33, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.10 First front position vs. non-dimensional time for λ=0.4, (a) results for the left 
side of the plume and (b) results for the right side of the plume  
  
60 
 
 
 
Fig. A.11 First front position vs. non-dimensional time for λ=0.5, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.12 First front position vs. non-dimensional time for λ=0.5, (a) results for the left 
side of the plume and (b) results for the right side of the plume  
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Fig. A.13 First front position vs. non-dimensional time for λ=0.5, (a) results for the left 
side of the plume and (b) results for the right side of the plume 
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Fig. A.14 First front position vs. non-dimensional time for λ=0.5, (a) results for the left 
side of the plume and (b) results for the right side of the plume  
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The Time-averaged Front Movement Results with Different Values of C 
 
Fig. A.15 Comparison of different values of 𝐶 for plume where λ=0; red circle is for 𝐶 
=0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. A.16 Comparison of different values of 𝐶 for plume where λ=0; red circle is for 𝐶 
=0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. A.17 Comparison of different values of 𝐶 for asymmetric plume where λ=0.1; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. A.18 Comparison of different values of 𝐶 for asymmetric plume where λ=0.2; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. A.19 Comparison of different values of C for asymmetric plume where λ=0.25; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
  
69 
 
 
 
Fig. A.20 Comparison of different values of C for asymmetric plume where λ=0.33; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.21 Comparison of different values of C for asymmetric plume where λ=0.33; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.22 Comparison of different values of C for asymmetric plume where λ=0.33; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.23 Comparison of different values of 𝐶 for asymmetric plume where λ=0.33; red 
circle is for 𝐶 =0.57, black circle is for 𝐶 =0.47 & white circle is for 𝐶 =0.34 
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Fig. A.24 Comparison of different values of C for asymmetric plume where λ=0.4; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.25 Comparison of different values of C for asymmetric plume where λ=0.5; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.26 Comparison of different values of C for asymmetric plume where λ=0.5; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.27 Comparison of different values of C for asymmetric plume where λ=0.5; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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Fig. A.28 Comparison of different values of C for asymmetric plume where λ=0.5; red 
circle is for C =0.57, black circle is for C =0.47 & white circle is for C =0.34 
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